The detection of a DNA double-strand break (DSB) is necessary to initiate DSB repair. Several proteins, including the MRX/N complex, Tel1/ATM (ataxia telangiectasia mutated), and Mec1/ATR (ATM and Rad3 related), have been proposed as sensors of DNA damage, yet how they recognize the breaks is poorly understood. DSBs occur in the context of chromatin, implicating factors capable of altering local and/or global chromatin structure in the cellular response to DNA damage, including DSB sensing. Emerging evidence indicates that ATP-dependent chromatinremodeling complexes function in DNA repair [1] [2] [3] . Here we describe an important and novel early role for the RSC ATP-dependent chromatin remodeler linked to DSB sensing in the cell's DNA-damage response. RSC is required for full levels of H2A phosphorylation because it facilitates the recruitment of Tel1/ATM and Mec1/ATR to the break site. Consistent with these results, we also show that Rsc2 is needed for efficient activation of the Rad53-dependent checkpoint, as well as for Cohesin's association with the break site. Finally, Rsc2 is needed for the DNAdamage-induced changes in nucleosome structure surrounding the DSB site. Together, these new findings functionally link RSC to DSB sensing, highlighting the importance of ATP-dependent chromatinremodeling factors in the cell's early response to DNA damage.
Results and Discussion

RSC Interacts with Tel1/ATM and Mec1/ATR Kinases under DNA-Damaging Conditions
We and others showed recently that the RSC ATPdependent chromatin-remodeler functions in both the homologous recombination (HR) and nonhomologous end joining (NHEJ) repair of double-strand breaks (DSBs) [4, 5] . In particular, we showed that RSC is involved in a postsynaptic step of HR. However, RSC's rapid recruitment to DSBs, comparable to that of the earliest responding DNA-repair factors, and it's interactions with Mre11, the earliest DSB sensor, prompted us to investigate an early role for RSC in repair. Should RSC play a role in sensing DSBs, we reasoned that it would interact with one or more of the earliest repair factors recruited to DSBs, including the phosphoinositide (PI)-3-kinase-related protein kinase sensors Tel1/ ATM and Mec1/ATR. To test this, we initially compared the growth of cells lacking both RSC2 and TEL1 to those lacking either gene on rich complete (YPD) medium and on YPD medium containing the DNA-damaging agent methylmethane sulfonate (MMS). We found that the rsc2D tel1D double mutants grew perceptively worse than did the single mutants on YPD medium and that the synthetic interactions were dramatically enhanced in the presence of MMS ( Figure 1A ). Similarly, we tested whether Rsc2 interacts with the essential Mec1 cellcycle-checkpoint protein by comparing the growth of single and double mutants. Importantly, growth of the rsc2D mec1-1 sml1-1 mutant (the sml1-1 mutation suppresses the lethality conferred by mec1-1 [6] ) on MMS was significantly worse than that of the parental rsc2D and mec1-1 mutants ( Figure 1B ). Interestingly, synergistic interactions between tel1D1 and mec1-1 in the presence of DNA-damaging agents have been described previously [7] . Together, these results suggest that Rsc2 interacts synthetically with both Tel1 and Mec1 under DNA-damaging conditions, consistent with the idea that RSC and the ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3 related) kinases are in parallel but compensatory DNA-damage response pathways.
RSC Is Required to Maintain Normal Levels of DSB-Induced Phosphorylated H2A Because RSC interacts genetically with Tel1 and Mec1 under DNA-damaging conditions and RSC's recruitment and histone H2A's phosphorylation at a DSB are among the earliest events detected after the formation of the lesion, we hypothesized that RSC is necessary for the Tel1/Mec1-dependent phosphorylation of histone H2A. To test this, we first compared levels of H2A phosphorylation in isogenic wild-type and mutant cells lacking Rsc2 after DSB induction. Strikingly, we found that the enrichment of DNA-damage-induced phospho-H2A near the homothallic switching endonuclease (HO) DSB was reduced approximately 3-fold in the absence of Rsc2 compared with wild-type cells (Figure 2A ). Additionally, levels of MMS-induced phosphorylated H2A were also significantly reduced in rsc2D cells (see below), consistent with the chromatin immunoprecipitation (ChIP) data. As a control, we found that levels of H2A were unaffected in the absence of Rsc2 (Figure S1A in the Supplemental Data available online). In these and subsequent experiments, DSB efficiency was comparable in wild-type and rsc2D cells ( Figure S2 ) (data not shown). The reduced H2A phosphorylation in rsc2D cells was detected as early as 30 min after DSB induction, persisted for 210 min ( Figure 2B ), and was observed in a large chromatin domain flanking the DSB, a 30 kb region to the right of the DSB site, and a 40-50 kb region to the left of the DSB ( Figure 2C ). The requirement of Rsc2 for full levels of H2A phosphorylation *Correspondence: brehon.laurent@mssm.edu within 30 min of HO induction, and the phospho-H2A-independent recruitment of Sth1 to the break site ( Figure S3 ), together with our previous result showing that RSC is recruited rapidly to the break site [4] , strongly suggest that RSC's ATP-dependent remodeling activity functions ahead of H2A phosphorylation, in contrast to another related ATP-dependent chromatin remodeler, INO80, whose recruitment is phospho-H2A dependent [8, 9] . DSB-induced phospho-H2A was shown previously to be dependent on both Tel1 and Mec1 in cycling cells, and its formation in G1-arrested cells was largely dependent on Tel1 [10] . Because RSC functions in both NHEJ and HR pathways [4, 5] , which predominate in G1 and post-S phases, respectively, we next asked when during the cell cycle RSC is required for full-level H2A phosphorylation. Initially, we determined that Sth1, RSC's essential ATPase subunit, associates with chromatin 0.25 kb from the DSB site at similar levels throughout the cell cycle ( Figure 2D ). To determine whether RSC is needed for formation of phospho-H2A during the cell cycle, we compared the relative enrichment of phospho-H2A in mating-pheromoneinduced G1 phase arrested, HU-induced S phase arrested, and nocodazole-induced G2/M phase arrested wild-type and rsc2D cells. In the G1 phase, H2A phosphorylation is reduced nearly 3-fold in rsc2D cells compared to wild-type cells. In the S and G2/M cell-cycle stages, H2A phosphorylation levels are also decreased by approximately 2-fold ( Figure 2E ). Together these results suggest that RSC is required for full levels of H2A phosphorylation in response to DNA damage in a large 70-80 kb region surrounding the DSB throughout the cell cycle.
Loss of Phospho-H2A in Cells Lacking Rsc2 Is Not Due to Its Replacement by Htz1
Similar to cells lacking RSC, cells lacking Ino80, the ATPase subunit of the INO80 chromatin-remodeling complex, also fail to maintain high levels of phospho-H2A. Ino80 is thought to act antagonistically to the Swr1 remodeler at chromatin-flanking DSBs, replacing the Htz1 histone variant with H2A, whereas Swr1 catalyzes the substitution of phosphorylated H2A with Htz1. In cells lacking Ino80, Htz1 replaces histone H2A [11] . Therefore, we investigated whether the loss of histone H2A phosphorylation surrounding the DSB in rsc2D cells is due to the substitution of H2A with Htz1 [11] . Notably, we found that Htz1 enrichment at chromosomal sites near the DSB was comparable in rsc2D and wild-type cells ( Figure 2F ), suggesting that Rsc2 and Ino80 regulate phosphorylated H2A levels by distinct mechanisms. Figures 3A and 3B ). We also tested Sth1's association with the break site in a tel1D mec1D sml1D mutant and found that its enrichment was comparable to that in wild-type cells (Figure S3) , suggesting that RSC functions upstream of Tel1 and Mec1. These results suggest that Rsc2 regulates DSB-induced phosphorylation of H2A by promoting the recruitment of both the Tel1 and Mec1 kinases to the DNA break site.
Rsc2 Is Required for Efficient
Although both Mre11 and Tel1/ATM are recruited to DSBs before DSB end resection [12] , Mec1/ATR is localized later to the resected ssDNA, and its recruitment requires the essential single-stranded DNA (ssDNA)-binding protein replication protein A (RPA) [12] [13] [14] , a key activator of the DNA-damage-checkpoint response [12, 13] . We found that the lack of Rsc2 significantly reduced the recruitment of Rfa1, the largest subunit of RPA, to ssDNA at various positions from the HO-induced DSB ( Figure 3C ) without affecting levels of the Rfa1 protein ( Figure S1B ), suggesting that Rsc2 is needed for the efficient conversion of double-stranded DNA (dsDNA) to ssDNA at DSBs. To test this, we performed a quantitative real-time polymerase chain reaction (PCR)-based method to measure the amount of ssDNA at the DSB site. Indeed, we found that in rsc2D cells, the relative amount of ssDNA is significantly reduced compared with that in wild-type cells (Figure S4) , and reduction was first detected 1 hr after (A) Shown are 10-fold serial dilutions of wild-type (BY4741), rsc2D (BLY908), tel1D (BLY959), and rsc2D tel1D (BLY962) cells were spotted onto YPD medium and YPD medium containing 0.01% MMS. Cells were incubated at 30 C for 1 to 2 days. (B) Shown are 10-fold serial dilutions of wild-type (BLY46), sml1-1 (BLY1042), rsc2D (BLY1041), rsc2D sml1-1 (BLY1045), mec1-1 sml1-1 (BLY207), and rsc2D mec1-1 sml1-1 (BLY921) strains were spotted onto YPD medium and YPD medium containing 0.003% MMS and incubated at 30 C for 1 to 2 days. DSB induction. Interestingly, these results indicate that Rsc2 functions much earlier in end processing than does the related Ino80 chromatin remodeler [9] , further suggesting functional differences among different remodelers in DSB repair.
RSC Function Is Required for Efficient Enrichment of the DNA-Damage-Induced Cohesin Domain at DSBs Phosphorylated H2A recruits several repair factors to the break site, including the Cohesin sister-chromatidpairing complex [15, 16] . RSC's requirement for the association of Cohesin with chromosomal arms [17] and the involvement of both RSC and Cohesin in HR repair [4, 15, 18] prompted us to test whether RSC is also necessary for loading Cohesin at DSBs. Significantly, levels of Mcd1 (an essential subunit of Cohesin) enrichment at several sites within a 20 kb region of chromatin flanking the HO DSB were reduced 2-to 4-fold in the absence of Rsc2 ( Figure 4A ), and we determined that this reduction was not due to a lower abundance of Mcd1 in these cells ( Figure S1C ). Because Cohesin is recruited de novo to DSBs in post-G1 phase cells [15] , we repeated these ChIP experiments in S and G2/M phase cells. As in cycling cells, Cohesin's recruitment to the region surrounding the break site was reduced approximately 3-fold in both S and G2/M phase rsc2D mutants ( Figures  4B and 4C) . As a control, we compared the enrichment of Cohesin at the DSB site before HO induction in wild-type and rsc2D cells and found that it was comparable (Figures 4A , 4B, and 4C). Under the same non-HO-inducing conditions, we found that enrichment of Cohesin at the chV556kb chromosomal-arm site was RSC dependent, as we have shown before (data not shown) [17] . Therefore, we conclude that the requirement of Rsc2 for the efficient loading of Cohesin is DNA-damage specific. These findings suggest that RSC is required for Cohesin's DSB-induced enrichment at a 20 kb region of chromatin surrounding the DSB, either by promoting H2A phosphorylation or through a more direct mechanism.
Rad9's Recruitment to DSBs and Activation of the Rad53 Cell-Cycle-Checkpoint Protein in Response to DNA Damage Are Defective in the Absence of Rsc2 Because Tel1/ATM and Mec1/ATR are also required for the phosphorylation of multiple downstream targets, including the Rad53/CHK2 checkpoint kinase, we predicted that Rsc2 plays a role in checkpoint activation. Phosphorylation of H2A was recently shown to be required for the activation of the G1 checkpoint, in particular for Rad9's recruitment to DSBs, as well as for the activation of Rad53 [19] . Therefore, we initially compared Rad9's enrichment at DSBs in the G1 phase in wild-type, H2A-S129A (which blocks H2A phosphorylation), and rsc2D cells. We found that in rsc2D cells, Rad9 enrichment near the DSB was reduced nearly to the levels observed in H2A-S129A cells ( Figure 4D ), although Rad9's expression levels were unchanged in these cells ( Figure 4D ). Because Rad9 is required for Rad53's phosphorylation in response to a DSB [20] and Rad53 is a downstream target of the Tel1 and Mec1 kinases, we reasoned that Rsc2 would be required for the full activation of Rad53. Indeed, levels of the multiphosphorylated forms of Rad53 are significantly reduced in rsc2D cells under MMS treatment ( Figure 4E ). Therefore, consistent with its roles in regulating both phosphorylation of H2A and the recruitment of Tel1 and Mec1 to the break site, Rsc2 is required for efficient checkpoint activation under DNA-damaging conditions.
Rsc2 Is Required for Chromatin-Remodeling at a DSB RSC's early recruitment to the HO-induced DSB suggests that it remodels nucleosomes near the DNA lesion.
To test this, we compared chromatin integrity at the MAT locus in wild-type and rsc2D cells before and after DSB induction by assaying sensitivity to micrococcal nuclease. In wild-type cells, we observed a loss of the nucleosome ladder within 60 min of DSB induction, suggesting that nucleosomes are repositioned upon DSB induction ( Figure 5A ); this is consistent with a previous report [21] . In striking contrast, in the absence of Rsc2, no alteration of nucleosome structure was observed within 60 min of DSB formation ( Figure 5A ), in agreement with a recent study [22] . These data suggest that the DSBinduced remodeling of nucleosomes is Rsc2 dependent. In addition, RSC's remodeling of chromatin at the break site is independent of Tel1 or Mec1, because DSBinduced chromatin remodeling is not compromised in a tel1D mec1D sml1D strain ( Figure S5 ). Together with a previous report showing that H2A phosphorylation is not required for chromatin remodeling at a DSB site [21] , we conclude that RSC remodels DSB chromatin independently of phospho-H2A, Tel1, and Mec1.
Conclusion
The detection of DNA damage is critical for the cell's ability to activate checkpoints and efficiently repair the damage. Our findings link RSC to DNA-damage sensing and the DNA-damage-checkpoint response. We propose a model in which RSC is recruited to the break site as soon as a single DSB is generated ( Figure 5B ). At the DSB, RSC cooperates with the Mre11/Rad50/ Xrs2 (MRX) DNA-damage sensor [5, 22] to remodel chromatin. Indeed, as reported earlier, RSC requires Mre11 for its recruitment to DSBs [5] , and we and others have also shown that Mre11's recruitment to DSBs is dependent on RSC ( Figure S6 ) [22] , thereby facilitating the recruitment of additional sensors, including Tel1 and Mec1, to the restructured DNA break site. RSC's role in facilitating RPA's enrichment on ssDNA might also contribute to Mec1's recruitment. Tel1 and Mec1 then promote further changes in chromatin by regulating the phosphorylation of H2A ( Figure 5B ). H2A phosphorylation ensures checkpoint (e.g., Rad53) activation and the recruitment of repair factors, including Cohesin (whose DSB-induced enrichment also relies on Rad53) [15] . Our data argue strongly that RSC participates directly in the DNA-damage response (DDR), although changes in transcription-factor or repair-factor levels mediated by RSC might also contribute in part to the efficiency of the DDR. Interestingly, an ATP-dependent chromatin-remodeling activity with remarkably similar properties was recently identified at DSBs in human cells [23] . Although human SWI/SNF, like RSC, is also required for H2A phosphorylation, it is dispensable for recruitment of ATM and ATR and for checkpoint activation [24] , and therefore regulates H2AX phosphorylation differently than does RSC. In addition, the evidence presented here linking RSC to early DSB sensing distinguishes RSC from the related INO80 ATP-dependent chromatin remodeler and suggests that different remodelers function at different steps in DSB repair. Thus, in addition to a role in the postsynapsis repair of DSBs described previously by us [4] , RSC also plays an important early role in detecting double-strand breaks, remodeling chromatin at the DSB, and activating DNAdamage checkpoints. An early nucleosome-remodeling function is likely to be redundant, given its importance in initiating the DNA-damage response, and the several other chromatin remodelers so far implicated in the DDR suggest possible compensatory chromatinremodeling activities. This work advances our understanding of how DSBs are sensed and highlights the functional importance of ATP-dependent chromatin remodelers in the very early stages of DSB repair.
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